Abstract. In this paper, a Dynamic Economic/Emission Dispatch (DEED) problem is obtained by considering both the economy and emission objectives with required constraints dynamically. This paper presents an optimization algorithm for solving constrained combined economic emission dispatch (EED) problem and DEED, through the application of neural network, which is a flexible Hopfield neural network (FHNN). The constrained DEED must not only satisfy the system load demand and the spinning reserve capacity, but some practical operation constraints of generators, such as ramp rate limits and prohibited operating zone, are also considered in practical generator operation. The feasibility of the proposed FHNN using to solve DEED is demonstrated using three power systems, and it is compared with the other methods in terms of solution quality and computation efficiency. The simulation results showed that the proposed FHNN method was indeed capable of obtaining higher quality solutions efficiently in constrained DEED and EED problems with a much shorter computation time compared to other methods.
Introduction
Dynamic economic dispatch (DED) is used to determine the optimal schedule of generating outputs online so as to meet the load demand at the minimum operating cost under various system and operating constraints over the entire dispatch periods. DED is an extension of the conventional economic dispatch (ED) problem that takes into consideration the limits on the ramp rate of generating units to maintain the life of generation equipment. This is one of the important optimization problems in a power system. Many approaches [1] , [2] , [3] , [4] , [5] , [6] have been listed to formulate and solve the ED problem; other methods [7] , [8] , [9] , [10] , [11] , [12] , [13] , [14] , [15] , [16] , [17] , [18] , [19] , [20] , are dedicated to solve DED.
Currently, a large part of energy production is done with thermal sources. Thermal electrical power generating is one of the most important sources of carbon dioxide (CO 2 ), sulfur dioxide (SO 2 ) and nitrogen oxides (NO 2 ) which create atmospheric pollution [7] . Emission control has received increasing attention owing to increased concern over environmental pollution caused by fossil based generating units and the enforcement of environmental regulations in recent years [18] . Numerous studies have emphasized the importance of controlling pollution in electrical power systems [18] , [19] and [20] .
To get the choice in term of the best solution between ED, EED, a good power management strategy is required. Several optimization techniques such as lambda iteration, linear programming (LP), nonlinear programming (NLP), quadratic programming (QP) and interior point method (IPM) are employed for solving the security constrained economic dispatch and unit commitment problem [9] . Among these methods, the lambda iteration method has been applied in many software packages due to its ease of implementation and used by power utilities for ELD [10] . Most of the time, alone λ-method does not find the optimal solution because of power system constraints. Therefore, the lambda method is used in conjunction with other optimization techniques. The solution of ED and DED problem using genetic algorithm required a large number of iterations/generations when the power system has a large number of units [5] . EED has been proposed in the field of power generation dispatch, which simultaneously minimizes both fuel cost and pollutant emissions. When the emission is minimized the fuel cost may be unacceptably high or when the fuel cost is minimized the emission may be high.
In literature, EED is commonly known as environmental ED or economic emission dispatch, many algorithms are used to solve EED problem. Literature [20] proposed a cooling mutation technique in EP algorithm to solve EED problem for 9-unit system. Proposed methods in [12] convert a multi-objective problem into a single objective problem by assigning different weights to each objective. This allows a simpler minimization process but does require the knowledge of the relative importance of each objective and the explicit relationship between the objectives usually does not exist.
DED Problem Formulation
The DED planning must perform the optimal generation dispatch for each period t among the operating units to satisfy the system load demand, spinning reserve capacity, and practical operation constraints of generators that include the ramp rate limit and the prohibited operating zone [16] .
Practical Operation Constraints

1) Ramp Rate Limit
According to [2] , [5] and [14] , the inequality constraints due to ramp rate limits is given as follows:
where P t i is the output power at interval t, and P t−1 i is the previous output power. R up i is the upramp limit of the i -th generator at period t, (MW/time-period); and R down i is the downramp limit of the i -th generator (MW/time period).
2)
Prohibited Operating Zone
References [1] , [11] , and [17] have shown the inputoutput curve for a typical thermal unit with valve points. These valve points generate many prohibited zones. In practical operation, adjusting the generation output P i of a unit must avoid unit operation in the prohibited zones. Figure 1 shows the input output performance curve for a typical thermal unit with Prohibited Zone. The feasible operating zones of the unit can be described as follows. 
where n i is the number of prohibited zones of the i -th generator. P 
Practical Operation Constraints
The objective of ED is to simultaneously minimize the generation cost rate and to meet the load demand of a power system over some appropriate period while satisfying various constraints. To combine the above two constraints into a ED problem, the constrained optimization problem at specific operating interval can be modified:
where F T j is the total generation cost;
is the generation cost function of i -th generator at period t, which is usually expressed as a quadratic polynomial or can be expressed in more complex form [3] ; a i , b i , and c i are the cost coefficients of the i -th generator; P t i is the power output of the i -th generator and N is the number of generators committed to the operating system, T is the total periods of operation. Subject to the following constraints.
1)
Power balance
where D t is the load demand at period t and L t is the total transmission losses of the same period.
Transmission losses can be modeled either by running a complete load flow analysis to the system [3] or by using the loss coefficients method (also known as the B-coefficients) developed by Kron and Kirchmayer [13] . In the B-coefficients method, the transmission losses are expressed as a quadratic function of the generation level of each generator as follows:
where B, B 0 and B 00 are the loss-coefficient matrix, the loss-coefficient vector and the loss constant, respectively, or approximately [3] , [18] :
2) System spinning reserve constraints
3) Generator operation constraints
where P min i
and P max i
are the minimum and maximum outputs of the i -th generator respectively. The output P t i must fall in the feasible operating zones of unit i by satisfying the constraint described by Eq. (3).
Dynamic Economic and Emission Dispatch
In an ED problem, the gas emission is not considered. The gas emission from a conventional thermal generator unit depends on the power generation. Like the fuel cost, total gas emission can be approximated by a quadratic function of Eg. (11), [19] . The emission dispatch problem can be described as the optimization of total gas emission defined by:
where E T is the total amount of emission (ton/h) which can be SO 2 or NO x or any other gas; α i , β i and γ i , are the coefficient of generator emission characteristics.
The gas emission dispatch can be done in parallel with a ED problem by including emission cost. Different types of emissions are modeled in literature as a cost in addition to the fuel cost. In fact, DEED is a multi-objective problem. But DEED can be transformed into single objective optimization problem by using a price penalty factor [7] :
where φ T is the total cost of the system;á i ,b i andć i are the combined cost and emission function coefficients and h i is the price penalty factor in ($/kg) for unit i with:á
Equation (12) is subjected to the previous constraints of Eq. (5) to Eq. (9) . A tuning for problem formulation is introduced through two weight factors k 1 and k 2 as follow:
For k 1 = 1 and k 2 = 0 the solution will give results of ED. For k k 1 = 0 and k 2 = 1 results will give emission dispatch and for k 1 = k 2 = 1, DEED results can be obtained.
A Flexible FHNN Applied to Combined Economic and Emission Dispatch
The HNN model with continuous output variables and a continuous and monotonically increasing transfer function f i (U i ) have a dynamic characteristic of each neuron which can be described by:
where U i is the total input of neuron i ; V i is the output of neuron i ; T ij is the interconnection conductance from the output of neuron j to the input of neuron i ; T ii is the self-connection conductance of neuron i and I i is the external input to neuron i andt is a dimensionless variable. The model is a mutual coupling neural network and with of non-hierarchical structure.
It has been proved [13] that the continuous Hopfield model state through the computation process always moves in such a way that energy converges to a minimum, which can be defined as [18] :
3.1.
Mapping of EED into the Hopfield model
To map the EED problem using the Hopfield method, the energy function E including both power mismatch, P m and total fuel cost F (fuel and emission) can be stated as follows [13] , [15] , [17] , [19] :
where t = 1, . . . , T ; P t i is the power output of the ith generator for t time period; A and B are positive weighting factors.
The inputoutput model of HNN is the sigmoid function:
with a shape constant u 0 of the sigmoidal function. Comparing the energy function Eq. (20) with the Hopfield energy function Eq. (19), we get the interconnection conductances, the self-connection and the external inputs, respectively:
The HNN solves the static part of the EED problem without considering transmission losses. To enforce this constraint into the solution, a dichotomy solution method as described in [13] is done to obtain a EED solution including losses. The proposed algorithm is introduced as follows. For each time period t, do the following:
where D 3 is the power demand at period t and D 1 is a maximum forecast of demand plus losses at the same period t. a pre-specified tolerance. Initialize the iteration counter k = 1.
• step 2: Determine the optimal generators power outputs using the HNN algorithm of [13] , by neglecting losses and setting the power demand as
Calculate the transmission losses L k for the current iteration k using Eq. (6),
Replace k by k + 1 and go to step 2.
A Strategy for the Prohibited Zone Problem
To prevent the units from falling in prohibited zones during the dispatching process, we use a strategy to take care of it. In the strategy, we introduce a medium production point, P M i,j ,j, for the j-th prohibited zone of unit i. The corresponding incremental cost, λ M i,j , is defined by:
For each period t, a minimum and maximum outputs of the i-th generator is modified as follow:
For the fuel cost functions, the incremental cost λ M i,j is equal to the average cost of the prohibited zone. The medium point divides it into 2 subzones:
Tab. 1: The 3-Unit system data. )  1  600  150  561  7,29  0,00156  100  100  2  400  100  310  7,85  0,00194  80  80  3  200  50  78 7,97 0,00482 50 50
• case 1: The prohibited zone is within the minimum and maximum generator's outputs of the period t. Dispatch unit i with generation level at or above P When a unit operates in one of its prohibited zones, the idea of this strategy is to force the unit either to escape from the left subzone and go toward the lower bound of that zone or to escape from the right subzone and go toward the upper bound of that zone.
Computational Procedures of FHNN for DEED
Based on the employment of the strategy mentioned above, the computational steps for the proposed approach for solving the DEED with a given number of dispatch intervals T (e.g. one day) are summarized as follows:
• step 0: Let k 1 = k 2 = 1 in Eq. (17) . Specify the generation for all units, at t − 1 dispatch interval. Calculate the combined cost and emission function coefficientsá i ,b i andć i using Eq. (13) to Eq. (16),
• step 1: At t dispatch interval, specify the lower and upper bound generation power of each unit using Eq. (26) and Eq. (27), a manner to satisfy the ramp rate limit. Pick the hourly power demand D t . Apply the algorithm based on HNN model of [13] to determine the optimal generation for all units without considering transmission losses and the prohibited zones,
• step 2: Apply the hybrid algorithm of Section 3, based on dichotomy method to adjust the optimal generation of step 1 for all units, to include transmission losses,
• step 3: If no unit falls in the prohibited zone, the optimal generation obtained in Step 2 is the solution, go to Step 5; otherwise, go to Step 4,
• step 4: Apply the strategy of Section 4 to escape from the prohibited zones, and redispatch the units having generation falling in the prohibited zone,
• step 5: Let t = t + 1 and if t ≤ T , then go to Step 1. Otherwise, terminate the computation.
The FHNN can be modified to handle EED as follow:
• set the number of dispatch interval to 1 (t = 1),
= ∞, since the ramp rate limits were not taken into account in EED and classical ED,
• escape step 4 in the procedure if prohibited zones of units is not taken into account.
The proposed FHNN can be modified to handle simply DED by setting k 1 = 1, k 2 = 0 in Eq. (17) or can be modified to handle emission ED by setting k 1 = 0, k 2 = 1 in Eq. (17).
Numerical Examples and Results
In order to validate the proposed procedure and to verify the feasibility of the FHNN method to solve the DEED, a 3-unit system is tested. The proposed method is implemented with the graphical language LabVIEW on a Pentium 4, 3 GHz. The data is given in Tab. 1 and the prohibited zones are given in Tab. 2, [19] . The load demand varies from 550 to 900 MW as shown in Tab Here, for comparison, we have applied the proposed method to the DED (see Tab. 6), the (SO 2 ) emission dynamic dispatch (see Tab. 7), the (NO x ) emission dynamic dispatch (see Tab. 8), the combined (SO 2 ) emission and economic dispatch (see Tab. 9) and the combined (NO x ) emission and economic dispatch (see Tab. 10).
Tab. 2: Prohibited zones of generating units of 3-Unit system.
Unit
Prohibited zone (MW) The results from [18] and reported in Tab. 11 showed that the proposed HNN method was indeed capable of obtaining higher quality solution efficiently in constrained DED problems, compared with those obtained by the FEP , IFEP, and PSO algorithms from [10] , [15] in terms generation cost and average computational time. The same method is used to solve classical DED. The Tab. 6 summarizes the results of classical DED solution using FHNN method for the six time interval, including power generation for the three units, production costs, line losses, the NO x and SO 2 emissions in (ton/h). It can be seen from the results that the prohibited zone and the ramp rate limit constraints are respected. The results of the FHNN for NO x and SO 2 minimum emission dispatch of the same test system are shown in Tab. 7 and Tab. 8 respectively. From the tables, for each time interval, the production cost is greater than the production cost in the case of classical DED (see Tab.6), because the objectives are different, in Tab. 7 and Tab. 8, the objective is to obtain the minimum gas emission NO x and SO 2 , respectively. Contrarily in Tab. 7 and Tab. 8, gas emission NO x and SO2 are lower than those resulted from classical DED solution (minimum cost), respectively.
The results of the FHNN method for the combined dynamic emission/economic dispatch are shown in Tab. 9 and Tab. 10 for SO 2 and NO x emission, respectively. The production cost is lower than the emission dispatches and the latter are higher than the emission dispatches. The execution time of the FHNN for the 3-unit system is about 0,01 seconds for all cases.
Through the comparison of simulations results of Tab. 11, it can be seen that the proposed method has the best solution quality and calculation time compared to the other methods.
Conclusion
The DEED planning must perform the optimal generation dispatch at the minimum operating cost and emission among the operating units to satisfy the system and practical operation constraints, of generators.
In this paper, we have successfully employed a flexible HNN method to solve both the DEED and EED problems with generator constraints. In relation to the procedure involved in solving the DEED and DED, the simulation results achieved by FHNN to the case studies of 3-units, 6 and 15-unit, respectively, demonstrated that the proposed method has superior features, including high-quality solution and good computation efficiency. The results of these simulations with FHNN approaches are very encouraging and represent an important contribution to neural network setups. Methods combining HNN with evolutionary methods can be very effective in solving DEED and EED problems. In the future, we will focus mainly on the conception of such hybrid approaches.
Tab. 6: Classical DED (minimum cost) using FHNN method. 
